At the Drosophila melanogaster larval neuromuscular junction (NMJ), a motor neuron releases glutamate from 30-100 boutons onto the muscle it innervates. How transmission strength is distributed among the boutons of the NMJ is unknown. To address this, we created synapcam, a version of the Ca 21 reporter Cameleon. Synapcam localizes to the postsynaptic terminal and selectively reports Ca 21 influx through glutamate receptors (GluRs) with single-impulse and single-bouton resolution. GluR-based Ca 21 signals were uniform within a given connection (that is, a given bouton/postsynaptic terminal pair) but differed considerably among connections of an NMJ. A steep gradient of transmission strength was observed along axonal branches, from weak proximal connections to strong distal ones. Presynaptic imaging showed a matching axonal gradient, with higher Ca 21 influx and exocytosis at distal boutons. The results suggest that transmission strength is mainly determined presynaptically at the level of individual boutons, possibly by one or more factors existing in a gradient.
Neurons form synaptic connections with one, several or hundreds of postsynaptic cells, and an individual neuron may make single or multiple connections with a postsynaptic partner. These connections can change in number, strength and properties of short and long-term plasticity, both during development and as a consequence of experience in the mature nervous system [1] [2] [3] [4] . Classically, transmission has been measured electrophysiologically, enabling an assessment of the overall strength of transmission between a pair of cells, but without knowledge of the number of connections between them. For simplicity, it has usually been assumed that all connections between two cells share similar properties. With advances in imaging, it has become feasible to selectively measure transmission at individual connections, either by following the presynaptic release of FM dyes, amphipathic molecules whose fluorescence increases on membrane binding, during transmitter exocytosis or by monitoring the rise in postsynaptic Ca 2+ due to influx through transmitter-gated receptors, voltage-gated Ca 2+ channels or transmitter-triggered release from intracellular stores [5] [6] [7] [8] . It has also become possible to test whether or not synaptic connections between a presynaptic cell and a postsynaptic partner have equal strength. This question has not yet been extensively addressed, but elegant evidence has been obtained that Ca 2+ dynamics, release probability, and short-term plasticity may vary across the different connections from one presynaptic cell [8] [9] [10] .
Here we investigate how transmission is distributed among the multiple connections between a presynaptic neuron and its muscle partner in the developing NMJ of the Drosophila larva, a synapse that can be readily accessed for electrophysiology and easily imaged in a semi-intact preparation. The Drosophila larval NMJ shares important structural and molecular properties with mammalian CNS synapses. It is glutamatergic, with non-NMDA-type ionotropic glutamate receptors, and both the presynaptic active zones and postsynaptic specializations are organized through PDZ interactions in a manner similar to mammalian synapses 11, 12 . In addition, as in certain CNS synapses such as hippocampal CA1 inputs 13 , the NMJ involves multiple neuronal connections onto the postsynaptic muscle. The NMJ also exhibits structural and functional plasticity. During larval development, muscle size increases more than 100-fold, causing a decrease in input resistance. To effectively depolarize and contract the muscle, synaptic currents must also increase as the larva grows. Two general mechanisms upregulate synaptic currents during development: one that regulates presynaptic structure and another that regulates transmission strength. During larval development, the degree of axonal branching as well as the number of boutons and active zones increase 14, 15 . Nascent boutons emerge either de novo or by budding from pre-existing boutons and come equipped with vesicles and active zones 16 . A muscle-secreted bone morphogenetic protein (BMP) is essential for this developmental growth 17 , and its presynaptic receptor, Wishful thinking (Wit) 18, 19 , has been implicated both in the structural growth of the NMJ as well as in the retrograde signaling that strengthens synaptic transmission 20 . It is not known how synaptic strength is distributed at this multisynaptic connection or how the mechanisms that regulate its growth and transmission may help to establish and maintain this distribution.
To clarify this, we compared transmission from different connections of an individual neuron in the Drosophila NMJ using a new optical approach. A genetically encoded fluorescent Ca 2+ reporter was used to detect postsynaptic Ca 2+ flux through GluRs, which in Drosophila are permeable to Ca 2+ (ref. 21) . Versions of the fluorescence resonance energy transfer (FRET)-based reporter Cameleon 22, 23 were targeted to postsynaptic sites by means of fusion to the single-pass transmembrane domain of CD8 as well as to the C-terminal PDZ interaction domain of the Shaker K + channel 16 . These genetic chimeras (synapcams) were localized to the muscle's subsynaptic reticulum (SSR; that is, postsynaptic membrane folds that envelop presynaptic boutons), through the interaction of the Shaker C terminus with the PDZ protein Discs large (Dlg) 11, 12 . This targeting, combined with the lower Ca 2+ affinity of a mutated version of the fluorescent reporter, allowed simultaneous monitoring of synaptic transmission across a population of connections in response to single action potentials. We found that transmission strength varies among connections in a gradient along the length of axonal branches, with distal connections making stronger functional associations. We consider mechanisms that may be responsible for generating this gradient.
RESULTS

Synapcam design: a postsynaptically targeted cameleon
We measured synaptic activity at the Drosophila larval NMJ electrically using voltage-clamp and optically with genetically encoded Ca 2+ sensors whose expression was driven in muscles by the myosin heavy chain promoter (MHC) 24 . Various versions of the FRET-based Ca 2+ sensor Cameleon 22, 23 were used to construct reporters, which we called synapcams, that were localized to the postsynaptic cell membrane. The reporters were targeted to the muscle plasma membrane by the heterologous transmembrane protein CD8 and to the SSR by the PDZ interaction domain of the Shaker C terminus (Fig. 1a) , as done previously 16 for the targeting of a green fluorescent protein (GFP). The attachment of CD8 was necessary for efficient targeting. Fusion to the Shaker C terminus without CD8 produced weaker accumulation at postsynaptic sites (data not shown). Synapcams, however, were mostly localized at postsynaptic sites that surround presynaptic boutons (that is, postsynapse), with lower levels in the nonsynaptic muscle membrane (Fig. 1b) . These reporters thus permitted vital imaging of the subsynaptic structure. Muscle 6, the muscle used in these experiments, is innervated by type Ib boutons (3-8 mm) from motor neuron RP3, and type Is boutons from motor neuron 6/7b (1-3 mm) 15, 25 . Synapcam fluorescence was greater at type Ib postsynapses, presumably because these are enveloped with more extensive SSR 14, 16, 26 . We thus focused our analysis on type Ib postsynapses. Expression of synapcams did not affect muscle viability, nor did it affect NMJ morphology. In addition, the localization of synaptic proteins such as GluRs, Dlg or synaptotagmin (Syt) (Fig. 1c-f ) as well as physiological parameters such as the resting membrane potential and the amplitudes of spontaneous and evoked junctional potentials (EJPs) and currents (EJCs) in synapcam +/+ larvae were indistinguishable from wild-type larvae (Fig. 1g,h and Supplementary  Table 1 ). Thus, expression of synapcams did not interfere with synaptic transmission or perturb the development of the NMJ.
Synapcam reports on glutamate neurotransmission
Cameleon is a ratiometric reporter that makes use of fluorescence resonance energy transfer (FRET) 22 . When the calmodulin domain of cameleon binds Ca 2+ , the protein undergoes a conformational change that increases the efficiency of FRET between the cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) fluorophores, producing a decrease in CFP emission and an increase in YFP emission. Single stimulation of the motor axon resulted in reciprocal changes in the CFP and YFP intensities of postsynaptic areas expressing synapcam (Fig. 2a,b) indicating an increase in FRET efficiency. Nonsynaptic muscle regions of synapcam +/+ larvae (Fig. 2a,b) and muscle fibers expressing cytosolic Cam2.1 or CD8-Cam2.1 showed few or no fluorescence changes in response to axon stimulation (data not shown).
We created two different synapcam constructs and compared their optical responses. synapcam2.1 retains all four Ca 2+ binding sites of calmodulin, and synapcam3.1 encodes a mutation (E104Q) that abolishes one binding site in the N-terminal lobe 22 . We found that both reporters showed significant changes in FRET (DFRET) at Nonsynaptic areas (dotted lines) did not show fluorescent changes. Fluorescence levels for nonsynaptic areas were adjusted to synaptic levels for display purposes. a.u., arbitrary units. (c) Fluorescence changes were indicative of an increase in FRET between CFP and YFP upon synaptic transmission. Single stimuli to the motor axon evoked large FRET (YFP/CFP) changes measured from the entire synaptic area for both synapcam3.1 (lower black trace, 16 NMJs) and synapcam2.1 (gray, 13 NMJs). The synapcam2.1 DFRET was on average 18% greater than the synapcam3.1 response. FRET changes had a rapid onset (peak intensity reached after o200 ms) and a gradual offset, which was fit with a first-order exponential, with synapcam2.1 showing a slower decay lasting up to 2 s. (d) FRET increases (black, single response for the synapse in a) were induced by Ca 2+ transients, dependent on GluR activity, and synapcams did not report voltage-dependent Ca 2+ influx. The Ca 2+ -insensitive synapcamNull showed no change in FRET (green, six NMJs). FRET changes were abolished upon application of desensitizing concentrations of glutamate (1.5mM; red, three NMJs). A voltage step from -80 to 0 mV (gray bar) did not elicit a change in FRET (gray trace, three NMJs).
postsynaptic regions (Fig. 2c) . DFRET began increasing B20 ms after the postsynaptic current and reached a peak within 120 ms for synapcam3.1 and within 200 ms for synapcam2.1. The mean peak response for synapcam2.1 was 18.18% greater than that for synapcam3.1 (0.385 ± 0.138 and 0.315 ± 0.120, respectively), and the decay of the response was slower (t ¼ 192.63 ms ± 5.95 and t ¼ 599.65 ± 11.04, respectively). These results were consistent with the greater Ca 2+ affinity of Cameleon2.1 (refs. 22,23) . Because the rise phases overlapped for synapcam2.1 and 3.1, the earlier peaking of synapcam3.1 is likely attributable to a faster recovery rate. Rapid kinetics and a lower Ca 2+ affinity made synapcam3.1 a more attractive reporter for subsequent experiments.
Although results strongly suggested that synapcams functioned in Drosophila muscle as synaptic Ca 2+ sensors, it remained possible that the GFP variants were in part responding to changes in pH or halides. Synapses expressing synapcamNull, a reporter with all four Ca 2+ binding sites abolished by mutation (Fig. 1a) , showed no fluorescence change in response to neurotransmission (Fig. 2d , green trace). This result demonstrated that DFRET was indeed reporting an increase in postsynaptic Ca 2+ resulting from neurotransmission.
To focus exclusively on Ca 2+ influx through GluRs, Ca 2+ from internal stores was depleted with thapsigargin 27 while residual Ca 2+ efflux from the stores was blocked with ryanodine 28 . In addition, the interrogated muscle was voltage clamped to prevent activation of voltagegated Ca 2+ channels. Under these conditions, desensitization of GluRs by bath-applied glutamate abolished both the FRET response and the EJC (current 94 ± 5%, fluorescence 88 ± 9% decrease, three NMJs, three traces each; Fig. 2d , red trace), demonstrating that GluR-derived currents were necessary for the optical response of synapcam. Depolarizing voltage jumps designed to open voltage-gated Ca 2+ channels did not induce DFRET (Fig. 2d , gray trace), indicating that voltage-gated Ca 2+ channels did not contribute detectable synaptic Ca 2+ under our recording conditions. Thus, synapcams provided a selective optical report of postsynaptic currents generated entirely from activated GluRs.
Heterogeneous transmission among connections of the NMJ To assess the contribution of individual connections to overall transmission at the NMJ, discrete postsynaptic areas under presynaptic boutons were individually analyzed (Fig. 3a) . Each postsynapse measured (801 in 65 NMJs from 62 larvae) showed a DFRET in response to axon stimulation (that is, no silent connections were observed, consistent with previous results from focal electrophysiological recordings 29 ). However, postsynaptic DFRETs sometimes fluctuated in amplitude during repetitive presynaptic stimulation (Fig. 3b) . These fluctuations were independent of fluctuations occurring at other postsynapses, including close neighbors (Fig. 3b , compare green postsynapse versus blue postsynapse). Similarly, there was no pairwise correlation between the DFRET response of a postsynapse and the distance separating it from another postsynapse (Fig. 3c) . These observations indicated that Ca 2+ influx at one postsynapse did not activate sensor readout at a nearby postsynapse, thus providing single postsynapse (that is, single-bouton) resolution.
The magnitude of DFRET differed considerably among postsynapses of a single axon (Fig. 3a,b ). Of 65 NMJs tested, the amplitudes differed two-to 14-fold among postsynapses of the same NMJ. This observed heterogeneity in DFRET might stem from biological variation, such as presynaptic differences in transmitter release or differences in postsynaptic sensitivity. Alternatively, it could arise from differences between postsynapses in synapcam numbers or readout. However, there was no correlation between relative reporter quantity and DFRET (Fig. 4c) and moreover, DFRET responses peaked sharply, arguing against saturation of synapcam (Fig. 3 ). This possibility was tested directly by comparing the DFRET response after a single stimulus against the response to a pair of stimuli given in rapid succession. If small FRET changes were due to saturated postsynapses, stimulus pairs would not be expected to have an increased FRET response.
Stimuli were separated by 10 ms and produced two separate EJCs. Although the current amplitude of the second pulse was depressed by approximately 28% (first pulse, -363.8 ± 18.5 nA; second pulse, À261.9 ± 8.4 nA), as expected for the Ca 2+ concentration used, the stimulus pair produced DFRET amplitudes larger than a single stimulus, owing to summation of the synapcam responses (Fig. 4a) . Taken together, 41 boutons from five NMJs showed linear increases in the FRET response to the stimulus pair as compared with the single stimulus (Fig. 4b) , indicating that for single pulses at low frequency, as used throughout our analysis, the reporter is not saturated at any boutons along the axon, whether they are proximal or distal or their responses large or small. The ratio of DFRET from a pulse pair relative to the response for single pulse (mean of 1.84 ± 0.05) showed a slight negative dependence on the DFRET after a single stimulus ( Supplementary Fig. 1 ). This dependence could be due to presynaptic depression, as the EJC showed a similar trend ( Supplementary Fig. 1 ). Taken together, the results indicate that heterogeneity in DFRET stems from biological variation in neurotransmission.
Active zone or GluR numbers do not determine heterogeneity Because synapcam responds to Ca 2+ influx through GluRs, the inhomogeneity in synaptic transmission might arise from differences among the postsynaptic sites in the number of GluRs. Alternatively, Ca 2+ influx might also be affected by GluR subunit composition. Five GluRs are expressed in the muscles of Drosophila larvae [30] [31] [32] . DGluR-IIA and DGluRIIB compete with each other for assembly with the other subunits and for membrane expression 31, 32 . In addition, DGluRIIB desensitizes more rapidly than DGluRIIA, leading to reduced macroscopic currents in muscles overexpressing DGluRIIB 33 . Differences between postsynapses in the numbers of DGluRIIB subunits and DGluRIIA subunits might thus affect Ca 2+ influx. To test these possibilities, NMJs were fixed immediately after imaging synapcam and stained with antibodies against DGluRIIA and DGluRIIB. The amplitude of the DFRET signals showed very weak correlation or no correlation to DGluRIIA or DGluRIIB staining or to the ratio of the number of DGluRIIA to DGluRIIB subunits ( Supplementary  Fig. 2 ). On average, postsynapses that differed by no more than 50% in number of GluRs could differ in DFRET amplitude by as much as 1000% ( Supplementary Fig. 2 ). Thus, inhomogeneity in synapcam responses among postsynapses of an NMJ could not be attributed to differences in the number or composition of GluRs. Transmission heterogeneity might also stem from presynaptic differences among boutons. Type Ib boutons contain multiple active zones 14 , and larger boutons tend to contain more active zones. We tested if differences in the number of active zones accounted for the observed transmission inhomogeneity. There was no correlation between the amplitude of DFRET response and the size of the presynaptic bouton (Fig. 4d) . Moreover, immunostaining with the antibody Nc82, which stains presynaptic active zones opposite postsynaptic patches of GluRs (ref. 34 ; Fig. 1b) , showed that neither the immunofluorescence intensity nor the density of Nc82 puncta per bouton correlated with the DFRET from individual boutons ( Supplementary Fig. 3 ).
A gradient of transmission strength along axonal branches
To describe the spatial distribution of synaptic transmission across the connections of the motor axon, continuous imaging (Figs. 2-4 ) was replaced by episodic imaging ( Fig. 5a ; see Methods) to minimize photobleaching and allow the acquisition of data for hundreds of events. FRET images of the synaptic region (Fig. 5b) , averaged from responses to 50-300 stimuli, provided high signal-to-noise DFRET measurements from type Ib boutons and also enabled optical detection (Fig. 5e) . However, because the type Is boutons were more difficult to identify in the YFP images, we did not pursue them at this stage.
Pronounced differences were observed in the potency of postsynapses. Although there was some variation between individual stimuli, strong postsynapses tended to stay strong throughout the trial (Fig. 5c) . We never observed a drastic change in the transmission distribution across postsynapses. FRET images from type Ib boutons showed that adjacent postsynapses of similar size, reporter expression, and resting FRET (rFRET) could differ markedly in transmission strength (Fig. 5e) , confirming results from single stimulation that suggest Ca 2+ entry is confined to the physical limits of a postsynapse and that reporter expression or rFRET did not determine a postsynapse's DFRET.
Our analysis of 440 postsynapses from 91 axonal branches showed that strong and weak synaptic connections were not randomly distributed throughout the motor axon, but rather were organized in a gradient along the length of axonal branches (Fig. 6) . Horseradish peroxidase (HRP)-specific staining after imaging traced the axon branches from the first point of muscle contact, to secondary branch points, to terminal boutons (Fig. 6a) . Postsynapses at the ends of branches consistently showed the greatest DFRET responses (Fig. 6c,d,f-i) , whereas postsynapses at the origins of branches were always among the weakest. The DFRET gradient was not due to differences in the amount of synapcam, because rFRET (Fig. 6b) did not show consistent trends in intensity along a branch (Fig. 6e,j) . DFRET decreased linearly with greater distance from the end of a branch and with the connection position along an axonal branch (Fig. 6j,k) . This distal-to-proximal gradient of transmission strength, from strong distal connections to weak proximal ones, was observed in both simple and complex branching patterns (Fig. 6h) . Terminal postsynapses from different branches within the same NMJ also differed significantly in terms of transmission potency (Fig. 6i) . The gradient in transmission strength was not dependent upon the relative location of the axon branch along the muscle surface. Transmission at terminal connections was always stronger regardless of location along the length of the muscle fiber. Moreover, the gradient was also independent on branch orientation, whether the branch ran parallel, perpendicular to, or obliquely across the muscle fiber (Fig. 6h,i) . These observations suggested that the gradient in transmission strength was not a function of postsynaptic polarity but instead depended solely on the location of a bouton relative to the axon branch.
Two exceptions were found which disrupted the commonly seen gradient of transmission strength. One of these was at boutons that were budding-off from established boutons. Budding boutons at the terminus of a branch had lower transmission strength than mature boutons from which they budded (Fig. 6d , lower green bouton budding from yellow bouton). A second exception occurred when an axon branch had a sharp kink. Boutons located on the proximal side of the bend had higher DFRET values than boutons following it, as if they were terminal boutons (Fig. 6g) . The dependence of transmission strength on fine axon morphology supported the idea that the gradient is established presynaptically. 
Presynaptic release is stronger at end boutons
We have documented a gradient in synaptic transmission that makes the connections of distal boutons stronger than proximal ones along the length of the motor axon. These measurements were made postsynaptically, but the lack of correlation to GluR levels and the dependence on axon morphology suggested that the locus of the gradient was presynaptic. To test this idea, presynaptic fluorescent reporters were used to measure Ca 2+ influx and synaptic vesicle fusion at each bouton. Presynaptic Ca 2+ was monitored with a version of cameleon, Cam2.3 (ref. 35) , expressed pan-neuronally. Motor axons were subjected to 40-Hz trains of stimuli, a frequency that, in this preparation, does not saturate the reporter 36 . Larger rises in Ca 2+ were observed at distal boutons than at boutons 2-3 positions from the end (Fig. 7a,b) , indicating greater Ca 2+ influx and suggesting greater transmitter release at the ends of axons. This finding led us to assay vesicle release directly. This was done in flies expressing superecliptic Synapto-pHluorin (SpH), a GFP-based sensor that reports vesicle fusion by exploiting differences in pH between the intravesicular and extracellular space 37 . A greater activity-dependent increase in fluorescence, indicating greater exocytosis, was observed at distal boutons than at boutons 2-3 positions from the end (Fig. 7c) . This provided direct evidence for greater release from distal boutons. Thus, transmission at the Drosophila NMJ seemed to be greater at the ends of axonal branches, and this gradient seems to be due in part to greater Ca 2+ influx and vesicle fusion presynaptically.
DISCUSSION
By targeting a genetically encoded Ca 2+ sensor to postsynaptic sites, near Ca 2+ -permeant GluRs, we have monitored glutamatergic transmission optically with single-bouton resolution at the Drosophila larval NMJ. While highly responsive to Ca 2+ influx through GluRs, the sensor is relatively blind to influx through voltage-gated Ca 2+ channels (Fig. 2) , and in response to a presynaptic action potential, the DFRET at one postsynapse is independent of DFRET at an adjacent postsynapse (Figs. 3 and 5) . As a result, synapcam enables the simultaneous examination of transmission at multiple synaptic connections in response to single presynaptic action potentials. This approach is promising in that similar targeting of low-affinity optical Ca 2+ sensors to specific Ca 2+ channels such as NMDA and IP3 receptors or to voltage-gated Ca 2+ channels in mammalian neurons could enable visualization in dendrites of the spatial spread of the Ca 2+ fluctuations that trigger long-lasting changes in synaptic strength. Although all connections at the Drosophila NMJ participated in neurotransmission, the strength of transmission was found to vary greatly from bouton to bouton. The position of a particular synaptic connection with respect to the origin of a branch or sub-branch determines its transmission potency. Distal boutons are the strongest, with a progressive decline in transmission strength in boutons nearer to the origin of the axon branch (Fig. 6) . Although this type of organized transmission heterogeneity has never before been documented for the Drosophila NMJ, transmission gradients have been observed before at crayfish, frog and mouse NMJs [38] [39] [40] [41] . These studies used serial singlebouton or single-muscle fiber recordings to compare proximal and distal connections. The targeting of a Ca 2+ fluorescent reporter to postsynaptic sites made it possible for us to capture the same kind of information in parallel in single snapshots. In those earlier NMJ studies, differences in release probability, the size of SSR folds, or failure of action potential propagation were proposed to explain the gradients 42, 43 . Action potential propagation failure cannot explain our observation of stronger transmission at distal connections in Drosophila larvae. In addition, we do not observe a gradient in either postsynapse size or quantity of synapcam along the synaptic connections made by an axon (Fig. 4) , arguing against systematic differences in the SSR. Finally, the quantity of GluRs and the molecular identity of the GluR subunits at a postsynapse are not organized in a gradient ( Supplementary Fig. 2) . Notably, in addition to receptor quantity and subunit composition, the phosphorylation state of GluRs has been shown to affect quantal size at the NMJ 44 . Although we did not investigate the phosphorylation state of the GluRs at each bouton, the effect of phosphorylation on GluRs cannot quantitatively account for the gradient observed. At most phosphorylation decreases quantal size by 60% (ref. 44 ). This cannot account for the 1,000% differences that we observe. In summary, we have not found a strong postsynaptic correlate for the establishment of a transmission gradient. However, we did find increased presynaptic Ca 2+ and vesicle fusion at distal boutons ( Fig. 7) indicating that a presynaptic mechanism that controls transmitter release has a major role in the establishment of the transmission gradient. Although release probability was not measured directly in this study, the number of active zones was not organized in a spatial gradient along the boutons of an NMJ (Supplementary Fig. 3 ). Still, from earlier work at the Drosophila and Crayfish NMJs, it seems that more efficient transmitter release occurs at active zones that are associated with electron dense specializations known as 'T-bars' 20, 42, 45, 46 . Hence, it is conceivable that more distal boutons have larger numbers of T-bars. Alternatively, differences in several other parameters that regulate release probability or the mode of release could have a role.
We find that the gradient in transmission strength does not depend on the relative position of a bouton on the muscle surface, suggesting it is determined presynaptically by the polarity of the axon. This idea is supported by our finding of greater Ca 2+ influx and vesicle fusion at distal boutons. In principle, this finding is consistent with either a positive regulator of transmission that is preferentially concentrated at the ends of axon branches, or a negative regulator of transmission that is delivered in limiting amounts and accumulates more in the first boutons it reaches during anterograde transport ( Supplementary  Fig. 4 ). Because bouton addition occurs throughout the length of the axon, not only at the ends of branches but also between previously established boutons 16 , a proximal-distal gradient in a bouton's developmental age is not likely to fully explain the gradient in transmission strength. Notably, a gradient has been observed in the arrangement of the microtubule associated protein 1B (MAP1B) along microtubules in the presynaptic terminal. Immunofluorescent mapping of MAP1B shows tight bundles of microtubules along axon branches with a higher incidence of microtubule 'loops' at branch points and branch ends, as well as disarrayed microtubule patterns at the most distal boutons 47, 48 . It is possible that as well as promoting the growth of the presynaptic terminal, microtubules may also have a role transporting components needed for synaptic transmission down the length of axon branches. Perhaps microtubule loops in axon kinks and at the end of branches, as well as microtubule disarray at the most distal boutons, favor the deposition of positive regulatory factors that increase transmission strength. It will be interesting in the future to examine the role of microtubules in determining transmission strength and to identify any regulatory factors existing in an axonal gradient.
METHODS
DNA constructs and flies. Yellow cameleon (cam) 3.1 (gift from R.Y. Tsien, University of California San Diego) was converted to cam2.1 by reverting the Q104E mutation through site-directed mutagenesis (Quickchange, Stratagene). cam-null was derived from cam3.1 by mutations E31Q, E67Q and E140Q, which abolish the Ca 2+ binding sites. To target cameleon variants to the synapse (in other words, to create the synapcam construct), cam2.1, cam3.1 and camnull were amplified with SpeI primers (5¢-GG ACT AGT GCC GCC ACC ATG GTG AGC-3¢ and 5¢-GG ACT AGT GCA GAA TTC CTT GTA CAG-3¢) and inserted into the SpeI sites of the CD8-GFP-Sh construct 16 , exchanging GFP for each cam variant. The genetic chimeras were placed under control of the MHC promoter 24 . Transgenic flies were made using standard germline transformation by embryo injection. Single insertions on the X chromosome were identified by orange eye color and confirmed by segregation analysis. Female larvae were used in all experiments.
For presynaptic exocytosis and calcium imaging, respectively, UAS-SpH 37 and UAS-Cam2. 3 (ref. 36) were driven pan-neuronally with elav C155 -Gal4. UAS-monomeric-DsRed flies were a gift from G. Tavosanis, European Molecular Biology Laboratory. The genotype of animals expressing SpH and mDsRed was elavc155-Gal4 +/À , UAS-SpH +/À , UAS-mDsRed +/À .
Immunohistochemistry and analysis. Larvae were fixed immediately after physiological recordings, either with Bouin's fixative for 5 min (DGluRIIA and DGluRIIB) or with 4% formaldehyde for 30 min (Nc82, Syt, HRP). The following primary antibodies were used: mouse anti-DGluRIIA (1:100) 31 , mouse anti-Syt (1:5), mouse anti-Dlg (1:100), mouse anti-HRP (1:100; Sigma), rabbit anti-DGluRIIB (1:2,500) 31 and NC-82 (1:100, gift from E. Buchner, University of Wurzburg). Alexa 647-conjugated goat anti-mouse and Cy3-conjugated goat anti-rabbit secondary antibodies were used for double-labeling experiments (Molecular Probes).
Metamorph (Universal Imaging) was used to calculate the intensities of YFP, GluRs and Nc82 staining from confocal images. Because GluRs and Nc82 antibodies label in a punctal pattern, images were thresholded in Metamorph to discard grey levels below minimal staining. Total intensity was calculated for values above threshold within each postsynaptic terminal. The density of staining was taken as the percentage of area above threshold for a postsynaptic terminal.
Electrophysiology. Two-electrode voltage clamp recordings were done with an AxoClamp 2B amplifier (Axon Instruments) on Drosophila muscle 6 at segments A2 or A3 of third instar larvae. Unless otherwise stated, recording solution consisted of physiological saline HL3 (ref. 49) containing 1.5 mM Ca 2+ , 20 mM Mg +2 , 2 mM thapsigargin and 500 mM ryanodine. For presynaptic imaging, 7 mM glutamate was added to prevent muscle contraction during high-frequency stimulation. Recording electrodes contained 3 M KCl and had resistances between 10-20 MO. Only muscles with a resting membrane potential below À60 mV were chosen for study. For EJC studies, the nerve was stimulated at 0.1 Hz and muscles clamped at À80 mV. During image acquisition, muscles were held at À100 mV. The more negative holding potential (À100 mV) improved cameleon signaling, presumably by increasing the Ca 2+ driving force. Data were filtered at 1 KHz and recorded using a Digidata 1200A/B board and Clampex 8.0 software (Axon Instruments). mEJCs were analyzed with MiniAnalysis software (Synaptosoft), and other electrophysiological data were analyzed with Clampfit 8.0 (Axon Instruments).
Optical recording of FRET. Larvae were imaged with an ORCA-ER chargecoupled device (CCD) camera (Hamamatsu) and an Olympus BX-50WI microscope (Olympus) with a 75-W Xenon lamp and a 60Â 0.9NA objective (Olympus). Excitation was at 434 ± 10 nm using a 460-nm dichroic filter. Emission wavelengths were separated with a dual-emission beam splitter (Optical Insights) with a 510 nm dichroic filter and 480 ± 20 nm and 535 ± 20 nm emission filters. Images were collected with SimplePCI software (Compix) at either 53 or 35 frames/s (8 Â 8 or 4 Â 4 binning, respectively). For presynaptic vesicle fusion experiments, mDsRed was excited at 550 nm with Q585LP and HQ620/60 filters, and SpH was excited at 470 nm with a Q480LP and a HQ535/50 band pass. All filters and dichroics were from Chroma Technology.
To obtain an accurate representation of amplitude and spatial distributions of transmission across synapses, the initial continuous imaging (Figs. 2-4) was substituted with episodic imaging, thereby minimizing photobleaching and allowing more responses to be measured. A pair of CCD images was acquired per stimulus, one before stimulation (baseline) and one 100 ms after stimulation (around the peak of the synapcam response; Fig. 5a ). Under these conditions, the synapse could be imaged for up to 30 min while recording hundreds of responses. Responses were sub-saturating at all boutons (Fig. 4a) , with a similar doubling of DFRET at distal (1.98 ± 0.15) and proximal (1.96 ± 0.8) postsynaptic terminals in response to a pulse pair. 
